Lactoperoxidase catalyzes the oxidation of thiocyanate by hydrogen peroxide into hypothiocyanite, a reaction which can protect bacterial and mammalian cells from killing by hydrogen peroxide. The present study demonstrates, however, that lactoperoxidase in the presence of thiocyanate can actually potentiate the bactericidal and cytotoxic effects of hydrogen peroxide under specific conditions, such as when hydrogen peroxide is present in the reaction mixtures in excess of thiocyanate. The toxic agent was also formed in the absence of lactoperoxidase in a reaction between hypothiocyanite and hydrogen peroxide. Sulfate, sulfite, cyanate, carbonate, and ammonia, which have been postulated to be formed in the chemical oxidation of hypothiocyanite by hydrogen peroxide, were not bactericidal and did not potentiate the bactericidal effect of hydrogen peroxide. Cyanosulfurous acid, the only other postulated product of the chemical oxidation of hypothiocyanite by hydrogen peroxide, may be the killing agent.
Lactoperoxidase catalyses the oxidation of thiocyanate by hydrogen peroxide into hypothiocyanite (OSCN-) (4, 19) . Lactoperoxidase and thiocyanate are components of the human salivary secretions (25) , and hydrogen peroxide is excreted by oral bacteria (20) . The OSCN-ion inhibits bacterial glyceraldehyde 3-P dehydrogenases (11, 24) and thereby stops the bacterial production of acids from sugars. The inhibition of bacterial acid production by OSCN-has been implicated as playing an important role in the prevention of dental caries (17) .
Hydrogen peroxide can be highly toxic to mammalian cells (3, 13, 14) and bacteria (2, 10) . This effect of hydrogen peroxide is alleviated, however, in the presence of lactoperoxidase and thiocyanate (2, 8, 13) . It has therefore been suggested that lactoperoxidase and thiocyanate of the salivary secretions play an important role in protecting the epithelial cells of the oral mucous membranes against the hydrogen peroxide excreted by bacteria colonizing the oral surfaces (2, 13) . In this role, lactoperoxidase in the presence of thiocyanate detoxifies hydrogen peroxide by converting it into OSCN-, and OSCN-prevents bacteria from excreting hydrogen peroxide by inhibiting glyceraldehyde 3-P dehydrogenase. Because of this inhibition, no NADH is generated in the bacteria, and the hydrogen peroxide-producing NADH oxidases become short of their substrate, NADH (11) . This inhibition of glycolysis usually has a bacteriostatic effect.
In recent studies, significant levels of OSCN-have been found in saliva collected directly from the ducts of the salivary glands (22, 29) . This indicates that hydrogen peroxide is actually produced within the salivary glands; thus, lactoperoxidase and thiocyanate may also play an important role in protecting the salivary glands and ducts against hydrogen peroxide toxicity.
The products of the lactoperoxidase-thiocyanate-hydrogen peroxide reaction have also been reported to be bactericidal (6, 7, 33, 36, 37) . This effect has been ascribed to OSCN-, but it has also been suggested that higher oxyacids * Corresponding author.
of the thiocyanate ion, cyanosulfurous and cyanosulfuric acids, may be formed in the lactoperoxidase reaction, and these acids may be the effective molecular species in the killing (6, 15, 31) .
We now report that a mixture of OSCN-and hydrogen peroxide in the absence of lactoperoxidase was more bactericidal and more toxic to mammalian cells than was hydrogen peroxide alone.
MATERIALS AND METHODS Microorganisms. Peptostreptococcus anaerobius VPI 4330 (ATCC 27337) was kept on blood agar plates, and Escherichia coli K-12 K37, an Str/r mutant strain of W 3102 (5), was kept on a minimal agar medium at 4°C in an anaerobic box with an atmosphere of 10% hydrogen in nitrogen.
Mammalian cells. HeLa cells were kindly provided by E. Lundgren, University of Umea, Umea, Sweden. The cells were cultured in an atmosphere of 5% carbon dioxide in air in Eagle minimal essential medium containing 10% fetal calf serum, penicillin (60 mg liter-1 streptomycin (100 mg liter-'), and gentamicin (200 mg liter-').
Media. Peptone-yeast extract-glucose broth was prepared as described by Holdeman et al. (16) , but instead of being prereduced and saturated with carbon dioxide before being autoclaved, the broth was autoclaved and then stored in the anaerobic box for at least 2 days before it was used. The MOPS (3-N-morpholino propanesulfonic acid) buffer solution was a modification of a medium devised by Neidhardt et al. (26) and contained 40 mM MOPS, 4 mM tricine, 0.3 mM potassium sulfate, 0.4 ,uM calcium chloride, 0.5 mM magnesium chloride, and 50 mM sodium chloride. This solution was adjusted to pH 7.4 by KOH and sterilized by filtration. The phosphate-buffered saline contained 137 mM sodium chloride, 2.7 mM potassium chloride, 1.5 mM monopotassium phosphate, and 7.7 mM disodium phosphate (pH 7.3). A minimal medium contained the MOPS buffer solution, 20 mM glucose, 10 mM ammonium bicarbonate, 1 mM dipotassium phosphate, and 0.02 mM ferric chloride. The minimal agar medium was supplemented with 16 g of agar (Difco Laboratories, Detroit, Mich.) per liter. Blood agar medium was prepared as described by Holdeman et al. (16) . The defibrinated horse blood in the medium was hemolyzed by freeze-thawing.
Evaluation of cytotoxicity and bactericidal effects. The mammalian cells were cultured in 25-cm2 plastic culture flasks until the growth was confluent. They were detached with 0.1% trypsin-0.2% EDTA in phosphate-buffered saline, washed in phosphate-buffered saline, and suspended in the culture medium; portions of the suspension were added to the culture medium of 25-cm2 culture flasks to obtain a final volume of 5 P. anaerobius was grown at 37°C in peptone-yeast extractglucose broth, and E. coli was grown in the minimal medium under anaerobic conditions. When the cultures were in exponential growth phase and had a density of 108 cells ml-,, they were diluted in MOPS buffer solution or in phosphate-buffered saline to a density of ca. 1 x 104 to 1.5 x 104 cells ml-'. Within 2 min after the start of the dilution procedure, a 0.2-ml sample of this suspension was added to 0.8 ml of a reaction mixture containing MOPS buffer solution or phosphate-buffered saline with various additions. In most experiments hydrogen peroxide was added to the reaction mixture after the bacteria. Samples (0.1 ml) were taken at various times from the reaction mixtures and spread over the surface of duplicate blood agar plates. The plates were incubated for at least 2 days under anaerobic conditions, and the numbers of surviving organisms were determined.
Preparation of lactoperoxidase-free OSCN-solution. Each stirred 10-ml ultrafiltration cell (Amicon Corp., Lexington, Mass.) fitted with a Diaflo membrane (PM 30) contained 9 ml of MOPS buffer solution or phosphate-buffered saline, 0.1 or 1 mM KSCN and lactoperoxidase (10 jig ml-'). Hydrogen peroxide was added to this reaction mixture to give a final concentration of 0.1 or 1 mM, and 5 min after this addition the solution was filtered. The concentration of OSCN-in the filtered solution was ca. 40 or 400 jiM, respectively, as determined with the 2-nitro-5-thiobenzoic acid reagent. This reagent was prepared as previously described (11), and the concentration of 2-nitro-5-thiobenzoic acid was calculated assuming an extinction coefficient of 14,130 M-1cm-1 at 412 nm (34) . Before the solution containing OSCN-was used in the reaction mixture, it was passed through a 0.22-p.m filter (Millipore Corp., Bedford, Mass.).
Chemicals. Hydrogen peroxide (30%[wt/wt]; Perhydrol) was from E. Merck AG, Darmstadt, Federal Republic of Germany; lactoperoxidase (from milk), tricine, and MOPS were from Sigma Chemical Co., St. Louis, Mo.; potassium thiocyanate was from Riedel De Haen AG, Seele-Hannover, Federal Republic of Germany; streptomycin sulfate was from Glaxo Laboratories Ltd., England; benzyl penicillin sodium salt were from Astra, Sodertalje, Sweden; gentamicin was from Flow Laboratories, Svenska AB, Stockholm, Sweden; and 1,4-diaza-bicyclo(2.2.2)octane (DABCO) was from EGA-Chemie Gesellschaft mbH & Co., Steinheim, Federal Republic of Germany. RESULTS Hydrogen peroxide (80 ,uM) killed 90% of the cells of P. anaerobius within ca. 40 min (Fig. 1, line 2) . Lactoperoxidase in the presence of 100 ,uM thiocyanate protected the cells from the bactericidal effect of hydrogen peroxide (Fig.  1, line 3) , whereas lactoperoxidase potentiated the bactericidal effect of hydrogen peroxide in the absence of thiocyanate (Fig. 1, line 4) .
In a mixture of lactoperoxidase, 100 ,uM KSCN, and 80 ,uM hydrogen peroxide in MOPS buffer solution, ca. 40 ,uM OSCN-was formed. P. anaerobius survived in this solution after lactoperoxidase had been removed from it (Fig. 1, line  5 ). When P. anaerobius was stored in this lactoperoxidasefree solution containing 32 ,uM OSCN-for 5 min and then exposed to 80 ,uM hydrogen peroxide, the toxicity of hydrogen peroxide was highly potentiated (Fig. 1, line 6 ).
When cells of P. anaerobius were exposed to 80 puM hydrogen peroxide in the presence of lactoperoxidase and various concentrations of KSCN, only concentrations higher than 80 jiM KSCN fully protected the cells from killing by (Fig. 2) . At lower concentrations of KSCN, the initial killing rates were higher than in the absence of KSCN. At 20 or 40 ,uM KSCN, however, the killing stopped after a few minutes, and a significant fraction of the cells survived (Fig. 2) .
When 36.1 ± 2.0 a Cells were stored for 5 min in 0.9 ml of MOPS buffer solution containing various concentrations of OSCN-before various amounts of hydrogen peroxide (0.1 ml) were added. The killing time was defined as that time after the hydrogen peroxide addition at which the surviving fraction of cells was 0.1. Means ± standard deviations are given for three independent experiments. The killing time was determined in experiments similar to those described in the legend to Fig. 1 . The killing time was defined by the intersection of the dotted line in Fig. 1 with the killing curve of the organism.
(data not shown) but not by superoxide dismutase, methionine, tryptophan, histidine, or mannitol (Table 3) . Reduced glutathione and 2-mercaptoethanol did not influence the bactericidal effect of 80 ,uM hydrogen peroxide, but they eliminated the potentiating effect of OSCN-on hydrogen peroxide toxicity (Table 3) . DABCO significantly decreased the toxicity of the OSCN--hydrogen peroxide mixture (Table 3). This effect of DABCO would suggest that singlet oxygen mediated the bactericidal effect of the mixture. No oxygen could, however, be detected with an oxygen electrode when OSCN-in concentrations up to 400 ,uM was mixed with 1 mM hydrogen peroxide. The concentration of OSCN-decreased 7 ± 2% during a 1-h storage in MOPS buffer solution. DABCO did not influence the rate of OSCN-breakdown or the stability of hydrogen peroxide in MOPS buffer solution (data not shown). The bactericidal effects of OSCN--hydrogen peroxide mixtures were similar in MOPS buffer solution and phosphate-buffered saline (data not shown). E. coli was much more resistant to hydrogen peroxide than was P. anaerobius, but OSCN-also potentiated the bactericidal effect of hydrogen peroxide to this organism (Fig. 3) .
When HeLa cells were exposed to 30 ,uM hydrogen peroxide or to a mixture of 30 ,uM hydrogen peroxide and 20 ,uM of lactoperoxidase-free OSCN-in phosphate-buffered saline for 1 h, their capacity to proliferate was reduced significantly more by the OSCN--hydrogen peroxide mixture than by hydrogen peroxide alone (Fig. 4) . DISCUSSION Lactoperoxidase in the presence of thiocyanate could protect bacteria (2, 8) and cultured mammalian cells (13) from killing by hydrogen peroxide. There are, however, also several reports in which lactoperoxidase in the presence of thiocyanate has potentiated the bactericidal effect of hydrogen peroxide (6, 7, 21, 23, 33, 36 (2). The explanation may be that the OSCN-formed in the mixture oxidizes bacterial sulfhydral groups (36) , and the bacteria may not be able to rereduce these vital groups when cultured on nutrient agar under aerobic conditions. The present study demonstrated another situation, in which lactoperoxidase-thiocyanate-hydrogen peroxide was more bactericidal than hydrogen peroxide alone. This happened when hydrogen peroxide was in excess of thiocyanate in the mixture.
There are several potentially toxic products that may be formed. In studies of the chemical oxidation of thiocyanate by hydrogen peroxide, Wilson and Harris (38) found sulfate, cyanate, carbonate, and ammonia as final products and postulated the following mechanisms:
HOSCN + H202-* HOOSCN + H20 (2) HOOSCN + H202 -* H2SO3 + HOCN
HOCN + 2H20-* HC03-+ NH4+ (4) H2SO3 + H202--H2S04 + H20 (5) where reaction 1 is the rate-determining step. It is this reaction which is catalyzed by lactoperoxidase (4, 19) . From the stoichiometry of reactions in lactoperoxidase-thiocyanate-hydrogen peroxide mixtures it has been postulated that reaction 2 could be catalyzed by lactoperoxidase and that cyanosulfurous acid (HOOSCN) could be further oxidized by hydrogen peroxide into cyanosulfuric acid (HO3SCN) (15, 29) .
HOOSCN + H202 -* HO3SCN + H20 (6) These compounds have been suggested to be more toxic than OSCN- (6) .
In the experiments in which the enzymatic formation of these compounds has been postulated, the possibility was overlooked, however, that lactoperoxidase might have catalatic activity (9 35 .5 ± 3.5 mercaptoethanol a Hydrogen peroxide (0.05 ml; 1.6 mM) was mixed with 0.75 ml of tion of hydrogen peroxide in the mixture. Reduced glutathione and 2-mercaptoethanol decreased the toxicity of the mixture as expected, since these compounds readily convert OSCN-into thiocyanate (18, 35) . To settle the nature of the killing agent, it is important that the actual products of the chemical oxidation of OSCN-by hydrogen peroxide and those of the lactoperoxidase-catalyzed reaction between thiocyanate and hydrogen peroxide be fully identified. Since the lactoperoxidase-catalyzed reaction has an optimum pH of 4.5 and oxygen is only formed at neutral and alkaline pHs (9), the reaction products at various pHs should be studied.
In the absence of thiocyanate, lactoperoxidase potentiated the bactericidal effect of hydrogen peroxide. It is possible that various components of the bacterial cell or of the buffer solution served as substrates in reactions catalyzed by lactoperoxidase in the presence of hydrogen peroxide, resulting in bactericidal products (2) .
The present results show that the biological effect of lactoperoxidase-thiocyanate-hydrogen peroxide mixtures will be determined by the actual concentration of the individual components. In the oral cavity, where the salivary secretions contain more than 1 mM thiocyanate and the production of hydrogen peroxide will rarely produce a higher concentration than 0.1 mM OSCN- (35) 20 ,uM lactoperoxidase-free OSCN-or to a mixture of 30 ,uM hydrogen peroxide, 100 ,uM KSCN, and lactoperoxidase (10 ,ug ml-', produced results almost identical to those shown in line 1. and thiocyanate could be considered as an efficient protective system of the mucous membranes against hydrogen peroxide toxicity. Hydrogen peroxide is not only converted into the less toxic OSCN-; this compound also stops the bacterial production of hydrogen peroxide (11) . It 
